This study aimed at investigating the effect of the width/length ratio of flue-cured tobacco leaves on their chemical composition and neutral aroma components. Yunyan 87 was selected as the raw material, and four treatment conditions were designed for the middle and upper leaves. All research was conducted in the city of Chongqing in southwest China. Results indicated that correlations between the width/length ratio and the contents of total sugar, reducing sugar, and potassium, the difference between total and reducing sugar contents, the ratio of sugar to nicotine, and the ratio of potassium to chlorine were significantly positive in the upper and middle leaves. By contrast, correlations with the contents of nicotine and chlorine and the ratio of reducing to total sugar were significantly negative. In addition, the contents of phenylalanines, Maillard reaction products, carotenoids, neophytadiene, and neutral aroma components were higher in the leaves with larger width/length ratios. Therefore, appropriate measures should be implemented to increase the width/length ratio of the upper and middle leaves of tobacco to achieve improvements in tobacco quality.
Introduction
Tobacco is an important commercial crop in China. The quality of tobacco leaves depends on the breed as well as the cultivation and ecological conditions (Zuo, 1993; Xu et al., 2005) . The physical characteristics of tobacco leaves are critical determinants of tobacco leaf quality and processability. These leaves directly affect the economic value of tobacco leaves (Zhou et al., 1996; Yan et al., 2001) . The most important physical features of the tobacco leaf are its length and width. The length of a leaf is the straight-line distance from the main vein's base to the leaf apex. This characteristic is an important index for the classification of leaves and evaluation of appearance quality (Cheng et al., 2007) . When classifying leaves, leaf length can be artificially controlled to keep it within a standard range. Leaf width is represented by the largest width of a leaf. Although this property is an essential index for measuring the state of leaf development and industrial usability, it is always ignored in leaf classification schemes. It is common for width differences among leaves to be a significant determinant in tobacco purchase even when their lengths are nearly the same. Furthermore, leaf width can exert significant effects on the processing and industrial usability of tobacco. Therefore, the ratio of width to length (width/length ratio) of tobacco leaf of the same grade has been proposed for use in evaluating the appearance quality of leaves for accurate evaluation of leaf development state and industrial usability. Here, we used the variety "Yunyan 87" from the Chongqing tobacco production area to conduct an in-depth analysis of the relationship between leaf width/length ratio and chemical composition, coordination of chemical composition, and neutral aroma components of tobacco leaves. The results provide an important theoretical basis for improving tobacco cultivation techniques.
Results

Effects of leaf width/length ratio on the chemical composition of tobacco leaves
Chemical ingredients comprise an important factor that affects the inherent quality of flue-cured tobacco (Zuo, 1993) . The contents of five chemical ingredients, including reducing sugar, total sugar, nicotine, potassium, and chlorine in tobacco leaves with different width/length ratios were investigated in this study (Table 1) . Table 1 shows that leaf width/length ratio exerted a highly significant effect on the content of chemical ingredients in upper and middle tobacco leaves. With increase in leaf width/length ratio, a highly significant increase in sugar content was observed. Conversely, nicotine content showed a highly significant decrease. The correlation of leaf width/length ratio to the chlorine contents of upper and middle leaves was negative, whereas the correlation with potassium content was positive.
According to the standard of chemical composition of "international standard tobacco leaves" (Chen et al., 2004) , the total sugar content of upper and middle leaves as well as the content of reducing sugar of middle leaves were higher, whereas the reducing sugar content of the upper leaves and the content of nicotine of middle leaves were all at the middle level. The nicotine content of the upper leaves exhibited a negative correlation with the width/length ratio. In addition, as leaf width/length ratio increased, the content of potassium tended to ＃ K/Cl: the ratio of potassium to chlorine.▼: "Having a look at coefficient of correlation, all values look quite high and significant. If so, then they must be asterisked as well." The coefficient correlation look quite high, but did not reach significant levels by pearson. So do not add asterisked. meet the quality requirement for tobacco leaves. Meanwhile, the chlorine content, which could deteriorate the quality of tobacco leaves, became lower.
Effects of leaf width/length ratio on the coordination of tobacco chemical composition
Coordination of chemical composition is an important index for the evaluation of tobacco quality and an important factor for determining tobacco value for industrial use (Du et al., 2007) . In this study, four coordination indices were used: the difference between total sugar and reducing sugar, ratio of reducing sugar to total sugar, ratio of sugar to nicotine, and ratio of potassium to chlorine. These indices were utilized to evaluate the effects of leaf width/length ratio on coordination of tobacco chemical composition ( Table 2) . As shown in Tables 1  and 2 , the difference between the total and reducing sugar contents, the ratio of sugar to nicotine, and the ratio of potassium to chlorine increased with increasing leaf width/length ratio. In addition, significant differences were observed among different treatment groups. The leaf width/length ratio and the ratio of reducing sugar to total sugar showed a highly significant negative correlation. The proportion of sugars in tobacco is closely related to the sensory quality of tobacco. Therefore, it is an important index for the evaluation of tobacco leaf quality (Chang et al., 2009 ).
Research has shown that with increase in leaf width/length ratio of tobacco, its non-reducing sugar content and the difference between total and reducing sugar contents also increase gradually. By contrast, the ratio of reducing to total sugar contents decreases gradually. In other words, the coordination of sugar composition worsens with increasing leaf width/length ratio. This result may be due to the unappealing and scorching characteristics of tobacco. Furthermore, the irritation associated with increased tar content could increase, leading to decrease in safety (Wang, 2003) . Next, coordination between sugar and nicotine as well as that between potassium and chlorine were analyzed. The results revealed that larger leaf width/length ratio correlated with a more harmonious composition of tobacco leaves. Thus, the larger leaf width/length ratio of tobacco is beneficial for satisfying the needs of high-quality tobacco production (Du et al., 2007) .
Effects of leaf width/length ratio on the contents of neutral aroma components
Aroma components are essential factors for the analysis and discrimination of tobacco features (Yu , et al., 2006) . In this study, aroma substances were classified into six categories, namely, phenylalanines, Maillard reaction products, cembranoids, carotenoids, neophytadiene, and other aroma substances (Liu et al., 2011) . The results of our analyses for these six categories are shown in Table 3 . As displayed, the contents of the neutral aroma components increased with increasing leaf width/length ratio. Aromatic phenylalanines significantly contribute to the fruity flavor and delicate fragrance of flue-cured tobacco (Shi et al., 1998) . Benzil alcohol and phenethyl ethyl alcohol are the most important ingredients that promote the flower fragrance of smoke (Zhou et al., 2008) . The differences in aromatic phenylalanine content among tobacco plants with different leaf width/length ratios were large. With increase in leaf width/length ratio, the contents of aromatic phenylalanines increased significantly. Similar variation trends were also found in the contents of benzil alcohol and phenethyl ethyl alcohol. These findings suggest that enhancement of flue-cured tobacco leaf width/length ratio in the Chongqing tobacco production area could improve the quality of the smell and the fruity flavor and flower fragrance of tobacco. Maillard reaction is an important process involved in the formation of components of tobacco aroma. The reaction products can play roles in covering up impure odor, enhancing aroma and improving smoke quality (Shi et al., 1998) . Table 4 shows that the Maillard reaction products were significantly affected by leaf width/length ratio. With increase in leaf width/length ratio, a gradually increasing trend in the contents of Maillard reaction products was observed. The content of furfural was the highest among the Maillard reaction products, followed by the contents of 5-methyl furfural and 6-methyl-5-hepten-2-alcohol. The contents of 6-methyl-5 -hepten-2-one, 2-acetylfuran and 3,4-dimethyl-2,5-furandione were lower. The contents of all of these components significantly increased with increasing leaf width/length ratio. Thus, increase in leaf width/length ratio could result in improved aromatic quality of tobacco smoke. Carotenoids are important components contributing to tobacco aroma quality. Their degradation and pyrolysis products are the main aroma components that make flue-cured tobacco smooth, elegant, and fresh (Yang et al., 2005) . As shown in Table 4 , β-damascenone and megastigmatrienone were found to be the major carotenoid components of tobacco. Increasing trends in the contents of these components were observed with increasing leaf width/length ratio. The total amount of carotenoids also followed a similar trend.
Neophytadiene is generated by chlorophyll degradation and is the most abundant among the neutral aroma components of flue-cured tobacco (Zhou et al., 1996) . Presence of this compound in smoke can help mitigate irritation and lessen smoke intensity. Moreover, the compound can be degraded and converted to plant furan, which possesses a delicate fragrance (Zhou et al., 2008) . In this study, we found that with increasing leaf width/length ratio, the contents of neophytadiene of the upper and lower leaves increased significantly. The content of neophytadiene in the upper leaf was significantly affected by the leaf width/length ratio. Specifically, T4 increased by 42.74% relative to T1. T4 in the middle leaf only increased by 30.36% compared to T1. Under experimental conditions, only solanone was detected among the cembranoids (Table 4) . As indicated by our data on the total contents of aromatic substances, increasing leaf width/length ratio significantly affected the enhancement of aromatic substances. The total contents of aromatic substances of upper and lower leaves followed the order T4 > T3 > T2 > T1.
Discussion
In some flue-cured tobacco production areas in China, upper leaves are usually long and narrow because of insufficient development. This phenomenon is referred to as the "less lateral extension of leaf" in tobacco production. Such leaves typically suffer from high thickness, tight structure, high content of nicotine, and uncoordinated chemical composition. These problems result in lower yields of first-and middle-class cigarettes and poor usability of upper leaves (Yin, 2001 ). Thus, massive upper leaves are overstocked in China. In this study, the effects of leaf width/length ratio on tobacco leaf quality were investigated in detail.
Chemical ingredients are important indices for evaluating the quality of flue-cured tobacco leaf. These components can determine its sensory quality and smoke characteristics (Du et al., 2007) . In addition, the balance and degree of coordination of chemical indices determine the industrial value of tobacco. In this study, we found that correlations of the contents of total sugar, reducing sugar, and potassium with the leaf width/length ratio were significantly positive. However, the correlations of the contents of nicotine and chlorine with the leaf width/length ratio were significantly negative. The leaf area with larger leaf width/length ratio was wider compared to other leaf areas. Hence, more photosynthesis products accumulated and their sugar contents were also higher. In addition, transpirational pull and potassium absorption were both stronger in leaves with large areas (Pan and Dong, 1995) . This effect may explain the higher potassium content of tobacco leaves with larger leaf width/length ratio. However, the reasons for lower chlorine and nicotine contents of leaves with larger leaf width/length ratio must be investigated further.
Leaf width/length ratio significantly affects the coordination of leaf chemical composition. Our results showed that increase in leaf width/length ratio increased the difference between total and reducing sugar contents, the ratio of sugar to nicotine, and the ratio of potassium to chlorine. Moreover, the non-reducing sugar content increased. These findings indicate that coordination of sugar composition became poorer with increase in leaf width/length ratio. Poor sugar composition can cause the smoke to become insipid and scorching. Moreover, smoke-induced irritation could increase with increased tar content, making tobacco smoke less safe (Wang, 2003) . Thus, increasing the leaf width/length ratio promoted the coordination between sugars and nicotine as well as that between potassium and chlorine, thereby improving tobacco quality (Du et al., 2007) .
Aroma is an important index for tobacco quality evaluation. To some extent, tobacco quality depends on the composition of leaf aroma components (Zhou et al., 2008) . The composition of aroma components is significantly affected by factors such as genetics (Zhao et al., 2008) , environment (Zhang et al., 2012) , and cultivation method (Han et al., 2012) . This work revealed that the contents of neutral aroma components are largely affected by leaf width/length ratio. The contents of phenylalanines, Maillard reaction products, carotenoids, and neophytadiene increased significantly with increase in leaf width/length ratio. The increase was particularly large for benzil alcohol, phenethyl ethyl alcohol, furfural, β-damascenone, and megastigmatrienone. This might be related to larger photosynthetic area of leaves with larger leaf width/length ratio, which causes greater accumulation of photosynthetic products and increased formation of aroma substance precursors. Hence, increasing the tobacco leaf width/length ratio is likely beneficial for mitigating irritation associated with smoking, softening the smoke (Shi and Liu, 1998) , as well as improving aroma quality, enhancing flower fragrance and fruity flavor (Shi and Liu, 1998; Zhou et al., 2008) , and promoting the development of elegant fragrance in tobacco smoke (Yang et al., 2005) . Given the relationship between the total contents of neutral aroma substances of the upper and lower leaves and the leaf width/length ratio, we infer that with increase in leaf width/length ratio, the total contents of neutral aroma substances in the upper and middle leaves continuously increased in the order T4 > T3 > T2 > T1. Leaves with larger leaf width/length ratios could better coordinate hydrocarbon metabolism, which could in turn promote degradation of neutral aroma precursors. Taken together, our results indicate that higher leaf width/length ratio leads to increase in the number of neutral aroma substances, thereby improving tobacco leaf quality.
Materials and methods
Experimental materials
Experiments were carried out in tobacco fields with equal soil fertility in six major tobacco production areas of Chongqing in 2014. The Yunyan 87 breed of tobacco was planted, and plants that grew well were selected for leaf analysis. The ninth to tenth leaves were designated as the middle leaves, whereas the 15 th and 16 th leaves were marked as the upper leaves at the topping stage. After harvesting and curing the mature tobacco leaves, we selected leaves of grades C3F and B2F. The weight of each sample was 4 kg. Samples from different places of origin were mixed separately for each grade. The samples were then treated and sorted in accordance with Table 4 . The experiment was designed with four treatment conditions. The leaf widths were 12 (T1), 15 (T2), 18 (T3), and 21 (T4) cm, while the leaf lengths were 75 and 65 cm for the middle and upper leaves, respectively. Three replicates were used for each treatment condition.
Sample measurements and data analysis
Chemical ingredients of the tobacco samples were tested using a continuous flow analyzer. Neutral aroma components were tested by the internal standard method (nitrobenzene) using a gas chromatograph-mass spectrometer. ANOVA was employed to analyze data using SPSS 19.0. Leaf openness was defined as the leaf width/length ratio, which has been used previously to evaluate the development status of flue-cured tobacco leaves (Liu, et al., 2012) .
Conclusions
In this study, we investigated the effects of width/length ratio of the upper and middle leaves of "Yunyan 87" on leaf chemical ingredients and contents of neutral aroma substances. Results showed that the correlations between leaf width/length ratio and contents of total sugar, reducing sugar, and potassium in the upper and middle leaves were significantly positive. By contrast, the correlations between leaf width/length ratio and contents of nicotine and chlorine were significantly negative. With increase in leaf width/length ratio, the difference between total and reducing sugar contents, the ratio of sugar to nicotine, and the ratio of potassium to chlorine increased, whereas the ratio of reducing to total sugar decreased. Meanwhile, the contents of phenylalanines, Maillard reaction products, carotenoids, and neophytadiene obviously improved. The contents of neutral aroma substances also increased. Therefore, appropriate measures should be implemented during tobacco production in the Chongqing tobacco production area to enhance the width/length ratio of upper and middle leaves in order to improve tobacco leaf quality.
